The neuronal ceroid lipofuscinoses (NCL) are a group of progressive neurodegenerative disorders characterised by accumulation of complex storage material within lysosomes accompanied by psychomotor deterioration, eventually leading to a vegetative state, seizures, visual failure from retinal degeneration and premature death.l Four classical forms of NCL exist: three childhood onset forms, which are all autosomal recessive, and one adult-onset form, which may be autosomal recessive or dominant. The three childhood forms are: (1) an infantile-onset form (INCL, CLNl), also called Haltia-Santavuori disease, Hagberg-Santavuori disease or simply the Finnish form, which usually presents at age 8-24 months with severe psychomotor retardation, blindness and microcephaly;2,3 (2) a late infantile-onset form (LINCL, CLN2), also called Jansky-Bielschowsky disease, which usually presents at age 2.5-4.0 years with ataxia, loss of speech, regression of developmental milestones, seizures and later loss of vision;4-7 and (3) a juvenile-onset form ONCL, CLN3), also called Batten-Mayou, Spielmeyer-Vogt disease or Spielmeyer-Sjogren syndrome, which presents at 4.5-8.0 years of age with visual acuity loss that over a year or more progresses relentlessly to loss of virtually all useful vision (see referencesl,8,9 for reviews). The fourth classical form, the adult-onset disorder (ANCL, CLN4), also called Kufs disease, usually presents as a motor disturbance without visual symptoms or findings.lO,ll Although Kufs disease is believed to be an autosomal recessive trait, autosomal dominant inheritance has been described.l2 Besides the classical forms, as many as 15 atypical forms have been described, some of which may be allelic to certain of the classical forms. 13
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The neuronal ceroid lipofuscinoses (NCL) are a group of progressive neurodegenerative disorders characterised by accumulation of complex storage material within lysosomes accompanied by psychomotor deterioration, eventually leading to a vegetative state, seizures, visual failure from retinal degeneration and premature death.l Four classical forms of NCL exist: three childhood onset forms, which are all autosomal recessive, and one adult-onset form, which may be autosomal recessive or dominant. The three childhood forms are: (1) an infantile-onset form (INCL, CLNl), also called Haltia-Santavuori disease, Hagberg-Santavuori disease or simply the Finnish form, which usually presents at age 8-24 months with severe psychomotor retardation, blindness and microcephaly;2,3 (2) a late infantile-onset form (LINCL, CLN2), also called Jansky-Bielschowsky disease, which usually presents at age 2.5-4.0 years with ataxia, loss of speech, regression of developmental milestones, seizures and later loss of vision;4-7 and (3) a juvenile-onset form ONCL, CLN3), also called Batten-Mayou, Spielmeyer-Vogt disease or Spielmeyer-Sjogren syndrome, which presents at 4.5-8.0 years of age with visual acuity loss that over a year or more progresses relentlessly to loss of virtually all useful vision (see referencesl,8,9 for reviews). The fourth classical form, the adult-onset disorder (ANCL, CLN4), also called Kufs disease, usually presents as a motor disturbance without visual symptoms or findings.lO,ll Although Kufs disease is believed to be an autosomal recessive trait, autosomal dominant inheritance has been described.l2 Besides the classical forms, as many as 15 atypical forms have been described, some of which may be allelic to certain of the classical forms. 13 The visual failure in the three childhood forms involves central vision early and eventually results in profound visual loss, and often complete blindness, within a few years. The electroretinogram (ERG) becomes abnormal early in the course of all these disorders and within a few years is usually totally abolished to standard single flash recording techniques. Goebel states that the ERG becomes flat (undetectable to standard techniques) for LINCL between ages 3 and 4 years and for JNCL between 5 and 7 years. 1 Visual symptoms and abnormalities on electrophysiological testing are rare and occur late in the course of ANCL. 14 Although ERGs have been reported in the various forms of childhood NCL,h,IS-�3 the techniques used varied considerably and no previous reports have utilised the recent ISCEV standard for clinical electroretinography.�4,2'i This paper reports the ISCEV standard ERG findings on 7 patients with early stages of the childhood forms of NCL (INCL, LINCL and JNCL). The ERGs showed differences suggesting that the retinal effects of the metabolic defect occur at different levels and for different cell types among the three forms of NCL.
Patients and methods
The patients were all examined by the author. The diagnosis was established by the clinical course, ophthalmoscopy, abnormal ERG, and electron microscopy of conjunctival biopsies, which showed granular inclusions in the patient with INCL, curvilinear inclusions in the patients with LINCL and fingerprint inclusions in the patients with JNCL.2h. 27 In all cases, the features and findings were diagnostic for the specific type of NCL according to conventionally accepted criteria.2H
The ERGs were performed according to published methods that included, but were not confined to, the ISCEV standard,z9-31 Intravenous propofol sedation was used for the patient with INCL reported as case 1 and for the patient with JNCL reported as case 6. Chloral hydrate (50-100 mg/kg) was administered to the patients with LINCL (cases 2, 3 and 4). Patients reported as cases 5 and 7 with JNCL were tested unsedated. Pupils were fully dilated and recordings began after 45 min of dark adaptation. The ERGs were recorded with 0.1-1000 Hz bandpass using bipolar Burian-Allen contact lens electrodes and a Ganzfield stimulator that presented intensities over a 3.7 log range (+0.6 to -3. 1 log cd-s / m2). Oscillatory potentials were isolated from the full frequency responses using a digital filter (100-300 Hz bandpass). Scotopically matched blue and red stimuli tested dark-adapted rods and cones. Flicker of 30 Hz was presented without background. The eyes were light adapted for 10 min at 34 cd/m2 prior to photopiC testing. Flicker of 30 Hz was again presented with background. Discrete Fourier transform (OFT) analysis was used to remove drift and noise from the flicker responses by returning all frequencies above the fundamental or the fundamental (30 Hz) alone.32
Case reports
Infantile NCL Case 1 This female child was the product of an uneventful pregnancy and delivery. Birth weight and head circumference were normal. Her parents were not consanguineous. She was considered to be developing normally until age 1 year. She sat alone at 6 months, began to crawl at 9 months, pulled-to-stand at 10 months and began to cruise by 11 months. She had acquired two or three words at 10 months but by 1 year of age she was noted to begin to regress in milestones, and shortly lost useful speech. Vision was normal until 14 months of age at which time she became less visually attentive and eye contact began to fail. Eye rubbing occurred at age 15 months but this stopped when at age 18 months she began to show further evidence of visual impairment and lost the ability to feed herself and to cruise.
The head circumference was normal at 2.5 months of age (39.0 cm; 75th percentile) but by 10.5 months of age her head circumference had begun to decrease relative to previous measures (44.5 cm; 50th percentile) and by age 23 months was clearly abnormal (45.0 cm; 5th percentile), indicating failure of head growth and acquired microcephaly. Height and weight growth were normal. Weakness of her left upper and both lower extremities was noted at age 18 months leading to the diagnosis of spastic diplegia; an MRI scan showed delayed myelination in the peri ventricular regions and borderline prominence of the cerebral sulci over the convexities and the occipital horns. The only significant finding on an extensive metabolic evaluation was an inexplicably low serum IgA level.
An electroencephalogram (EEG) was normal at age 19 months. At 20 months, she had no fixation or following of objects or lights but no nystagmus. Her optic discs were pink but the foveal reflex was absent and the retinal vessels were mildly attenuated ( Fig. 1 ). An ERG performed using intravenous propofol sedation was markedly abnormal (Fig. 2 )., showing a normal a-wave but a severely subnormal b-wave both scotopically and photopically. This electronegative configuration suggested the primary defect did not affect phototransduction in the outer segments but did severely disturb transmission (either pre-or post-synaptic) to the generators of the b-waves (bipolars) for both rod and cone activity. A conjunctival biopsy showed granular osmophilic membrane-bound inclusions with occasional lamellar deposits within endothelial cells (Fig. 3 ). An assay for palmitoyl-protein thioesterase (PPT) was severely subnormal and molecular testing showed homozygosity for the common Arg151stop nonsense mutation of the PPT gene (Sandra L. Hofmann, personal communication 1997). The child began to have seizures at age 23 months. At 27 months of age, the optic discs were mildly pale, the retinal vessels moderately attenuated, and the macular reflex blunted and mottled. White +0.6 log cd-slm2
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Late infantile NCL Case 2
This child is the younger sister of case 3. Because her older sister had carried the diagnosis of LINCL, the parents were concerned when case 2 began to fall without reason at age 1.5 years. She had central, steady fixation with each eye and her ophthalmic examination was normal at this time. A skin biopsy found no ultrastructural abnormalities suggestive of Batten disease. At age 2.5 years she began to have frank drop attacks that were initially felt not to be seizures by her paediatrician. At age 3.0 years she was again examined. Her speech and motor skills were not developing normally and her gait was unsteady. She tended to look to the side or below objects of regard rather than centrally. Her fixation was eccentric but steady. Very mild retinal vessel attenuation was evident on fundus examination with no significant disc atrophy or abnormal pigmentation (Fig. 4 ). An ERG showed normal to mildly subnormal and prolonged rod responses and severely subnormal, markedly prolonged cone b-wave responses (Fig. 5) . The light-adapted cone a-wave was 72% of normal mean, whereas the cone b-wave was only 24% of normal mean; rod b-waves were 78% of normal mean. The oscillatory potentials were subnormal and prolonged. A conjunctival biopsy disclosed numerous curvilinear inclusions within pericytes and endothelial cells.
Case 3
This female, the older sister of case 2, was considered normal except for delayed speech development until the onset of seizures at 33 months of age. A CT scan and initial EEG were normal. At 34 months of age her head circumference was normal at 49.9 cm. At 35 months of age she was 7 months delayed in receptive language and 11 months delayed in expressive language skills. An EEG at age 36 months showed cerebral seizures with (Fig. 6) . She began to experience more frequent and uncontrollable seizures. At 4.6 years, she was felt to be visually impaired, her pupils were only minimally reactive to light, and her retinal vessels mildly attenuated. At 4.8 years she had deteriorated to the point where she was completely dependent on her parents for all her care and at 5.0 years all vision was lost. At 5.5
years of age her fundus examination showed severely attenuated vessels and waxy optic nerve head pallor (Fig. 7) .
Late 
Case 4
This female was born to normal, non-consanguineous parents. Although her head circumference began to fall away from the normal curve at age 12 months, she was otherwise normal until she had a non-febrile seizure at 36 months of age. Just prior to this, she was walking, running and talking in full sentences. Her head circumference at age 36 months was 47 cm (well below the 5th percentile). Because she appeared otherwise normal on examination, no tests or medications were ordered. One month later, following another seizure, a CT scan and EEG were done, both of which were normal.
The seizures were predominantly right focal motor in character, occurred five to six times daily, and were 2-3 min in duration. Phenobarbital and dilantin resulted in poor control, and at 39 months of age she began to experience myoclonic seizures, after which she began to lose expressive and receptive language skills. A second EEG was normal. Valproic acid, carbamazepine, and clonazepam were unsuccessful in controlling her seizures; neurological deterioration continued. At 41 months a CT scan showed cerebral atrophy and the EEG was read as showing diffuse slowing suggestive of epileptiform activity in the right posterior temporoparietal region. At 42 months of age her head circumference was still 47 cm. At 3 years 9 months she lost her speech and became unable to walk. Examination at 3 years 10 months revealed an aware, but listless-appearing child with cold, mottled cyanotic extremities except for the left hand, which was flushed, warm and hyperaemic. Deep tendon reflexes were very brisk in the lower extremities with 3-4 beats of clonus at the ankle. Babinski's responses were equivocal. A sleep EEG demonstrated numerous single-spike discharges over the right occipital area. On several occurrences they spread to involve both hemispheres and were followed by 1-2 s of suppression. The waking EEG showed frequent paroxysmal spike and slow wave activity with marked potentiation of the paroxysmal activity by photic stimulation. Electron microscopy of buffy coat leucocytes revealed intracytoplasmic curvilinear and fingerprint profiles, consistent with NCL.
Although there was no history of visual disability, ophthalmic examination at 4.0 years of age showed poor fixation and following of penlight or objects. Her pupils reacted sluggishly to light. Although the discs appeared pink and uncupped, the retinal vessels were mildly attenuated and the entire fundus including the macular regions had fine granularity and mottling of the retinal pigment epithelium.
Ganzfeld ERG demonstrated severely subnormal dark-and light-adapted cone-mediated responses with prolonged cone b-wave implicit times (Fig. 5) . The cone a-wave was more preserved at 34 J.1 V (70% of normal mean, which is low normal) compared with the cone b-wave, which at 26 J.1 V was 10% of normal mean (severely subnormal). The light-adapted cone 30 Hz flicker implicit time was prolonged (37.4 ms scotopic, normal < 32.3 ms; 35.1 ms photopiC, normal < 28 ms). The dark-adapted rod responses were low normal to mildly subnormal (62% of normal mean) but the rod b-wave implicit times were prolonged (118 ms, normal 69-88 ms). A bulbar conjunctival biopsy showed the diagnostic curvilinear membranous structures within the cytoplasm of endothelial cells and pericytes (Fig. 8) .
The mother subsequently became pregnant. After informed consent the parents allowed amniocentesis, which disclosed the characteristic inclusions on electron microscopy of amniotic fibroblasts?3 The parents had decided prior to the procedure to carry the pregnancy to term. NCL was confirmed by skin biopsy of the live-born male infant34 who, at 3 years of age, began to have The tracings in red are for normal subjects of the same age range. All responses were elicited using the same Ganzjeld stimulator, but because a different computer system was used for recording the responses for case 6, a different normal is shown. seizures and now appears to be following a course identical to his sister. Case 4 died at age 8 years. Autopsy permission was denied.
Juvenile NCL
Case 5
This young girl's case history has been published previously (see Weleber9, case 52, pp. 438-41). She began to lose vision at age 3.5-4 years and was first thought to have a cone or cone-rod dystrophy with a bull's eye maculopathy. Her vision deteriorated to 20/70 at 6.5 years of age at which time she had an ERG (Fig. 9) that showed, essentially, no detectable rod responses and severely subnormal cone responses with an electronegative configuration both scotopically and photopically. At 165 f.L V, her scotopic a-wave amplitude was only 53% of the normal mean. Her vision continued to deteriorate and at age 8 years was 10/400 for each eye. A conjunctival biopsy disclosed numerous fingerprint inclusions within endothelial cells (Fig. 10) . Neuropsychiatric testing revealed mild difficulty with central processing. Molecular testing found heterozygosity for the common 1.02 kb deletion of CLN3 (Krystyna E. Wisniewski, personal communication)?5
Case 6
This boy presented at age 5.5 years with a history of poor vision for the previous 3 months. He appeared to have greatest difficulty seeing objects straight ahead. His night vision was poor but his peripheral field was grossly intact in good illumination. The visual acuity was 20/100 and he was unable to identify any of the AOHRR colour plates correctly. Fixation was eccentric. Fundus examination disclosed pink discs, mildly attenuated retinal vessels, a bull's eye maculopathy and fine pigment dispersion with granularity of the peripheral retina. The ERG was severely abnormal with severe loss of rod and cone responses, with greater loss of the b-wave than for that of the a-wave (Fig. 9) . Cone b-wave implicit times were prolonged. A conjunctival biopsy showed fingerprint and rare curvilinear inclusions within endothelial cells.
Case 7
This girl was normal until age 7 years when she experienced difficulty adjusting from light to dark environments and blurred vision. At 8 years of age her visual acuity was 20/40, J3 right eye and 20/30, J3 left eye but she had moderately defective stereopsis and colour vision. Ophthalmoscopy disclosed optic disc pallor, attenuated retinal vessels, an incomplete bull's eye pigment epithelial defect in the maculas, and pigmentary dispersion in the mid-and-far periphery of the fundus bilaterally (Fig. 11) . The ERG was profoundly abnormal, with only a tiny, delayed response remaining to 30 Hz flicker (Fig. 9) . The initial diagnosis was retinitis pigmentosa. Six months later, although her acuity remained unchanged, side vision and night vision were worse and she began to experience difficulty with her school work that was felt not to be explained by her defective acuity. At age 8.7 years her acuity was 20/40,}3
right eye and 20 I 80, }5 left eye; a conjunctival biopsy was performed, which was initially read as normal. At 8.9 years her visual acuity dropped to light perception in each eye and she began to learn Braille in school. Because of cognitive difficulties in school the previous conjunctival biopsy was re-examined with additional sections that revealed fingerprint inclusions consistent with }NCL. Molecular testing disclosed the presence of the common 1.02 kb deletion of CLN3.3S
Discussion
The class of disorders known as neuronal ceroid lipofuscinoses is the most common neurodegenerative disorder to affect children, with a collective incidence of about 1 in 12 500 live births world-wide?6 INCL has an incidence of 1 in 13 000 to 20 000 in Finland, 1 in 50 000 in Scandinavia, and 1 in 100 000 world-wide 3.37 LINCL has a frequency of 0.46 per 100 000 in Germany.3B }NCL has an incidence of 1 in 21 000 in Finland and a frequency of 0.71 per 100 000 in Germany?8 All of the forms of NCL show accumulation within lysosomes in neurons and other cells of storage material that is autofluorescent, sudanophilic and PAS-positive. Because of its osmophilic nature and appearance on light microscopy, the storage material resembles ceroid and lipofuscin, but it is in actuality a complex mixture of lipoproteins and other hydrophobic peptides. The lipoprotein deposits take on characteristic patterns within cells on electron microscopy that are used for diagnosis and classification: (1) granular inclusions are seen in INCL, Kufs disease, and some variants forms of }NCL, (2) curvilinear inclusions predominate in LINCL (with occasional to rare fingerprint inclusion), and (3) fingerprint inclusions are seen in }NCL (with occasional to rare curvilinear inclusions). 2 6, 27 The defective gene for INCL, CLNl, is palmitoyl protein thioesterase, an enzyme that removes long-chain fatty acids, mostly palmitate residues, from S-acylated proteins. As such, this enzyme is necessary for the reversible palmitoylation-depalmitoylation cycles used by signal transport proteins.39,40 The storage material in INCL includes saposins A and D, sphingolipid activator proteins necessary for the degradation of sphingolipids by lysosomal hydrolases, and various S-acylated peptides.41.4 2 The most common mutation is Arg122Trp, which accounts for 98% of disease chromosomes in Finland and 75% of disease chromosomes worldwide?9
The gene for LINCL, CLN2, encodes a pepstatin insensitive lysosomal peptidase that may either participate in the degradation of mitochondrial peptides or be needed for processing of neuron-specific trophic factors. 43 The storage material that accumulates in LINCL includes sphingolipid activator proteins44 but is mostly composed of subunit c of mitochondrial ATP synthase, the latter by a defect in degradation, 45-4 7 suggesting that subunit c may be a substrate for the deficient enzyme.
The gene for }NCL, CLN3, has been cloned and mutations defined, although the function of the gene is undefined.4R-50 The most frequent mutation for }NCL is a 1.02 kb deletion that is present in 90% of abnormal chromosomes in Finland and in 81 % of abnormal chromosomes in patients world-wide?5 One study reported that 180 of 188 (96%) patients with }NCL from 16 countries had the 1.02 kb deletion on at least one chromosome; a total of 23 disease-associated mutations, including missense, nonsense, splice-site, insertions and deletions, were found. 50 Patients with }NCL also accumulate subunit c of mitochondrial ATP synthase.46,47 One proposed function for the CLN3 gene product is that it acts as a chaperone necessary for the normal folding I unfolding or assembly I disassembly of subunit c of mitochondrial ATP synthase.5l-s3 The gene product of CLN3 localises to mitochondria of Muller cells and inner retinal neuron mitochondria and to the mitochondria of inner segments of photoreceptors but not the outer segments. 54 The ERG studies in the three classical forms of NCL were abnormal early in the course of the disease. The normal scotopic a-wave with profoundly subnormal b wave to the 0.6 log cd-s/m 2 stimulus for the patient with INCL indicates that the earliest manifestation of this disease does not affect the response of the photoreceptor outer segment (i.e. phototransduction), but instead affects the proximal functions of the photoreceptors or otherwise disturbs the generators of the b-wave. Because of the role that PPT plays in Signal transport, a possible pathogenetic mechanism includes disturbance of pre-or post-synaptic neurotransmission of the Signal from proximal photoreceptors to the second-order neuron, the bipolar cells of the retina.
The ERGs of the patients with LINCL were different in showing normal (or near normal) rod amplitudes but prolonged rod implicit times and severely subnormal, prolonged cone responses. Patients with more advanced stages of LINCL had greater subnormality of the b-wave than the a-wave, although both were abnormal, suggesting loss of functional outer segments. Unlike the ERG in either INCL or in }NCL, the rod responses in early LINCL were, at most, only mildly subnormal and prolonged but much more preserved in amplitude even though at this stage the cone responses were severely subnormal and prolonged.
The patients with }NCL had an ERG phenotype that was different again, with essentially no discernible rod responses and severely subnormal cone responses that for one case (case 5) were normal in implicit times but for the other patients were prolonged. The scotopic a-wave was subnormal, indicating loss of effective outer segments, but the b-wave was even more subnormal, creating an electronegative configuration. OPs were profoundly subnormal. The greater disturbance of the b-wave than that of the a-wave for patients with }NCL is consistent with the intraretinal localisation of the gene product for CLN3 to mitochondria of Miiller cells and inner retinal neuron mitochondria and to the mitochondria of inner segments of photoreceptors.54
